Abstract-A micro-displacement sensing head based on two aligned cleaved fibers inserted into an optical fiber ring and interrogated by an optical time-domain reflectometry is presented. The sensor configuration is characterized for measuring both longitudinal and axial micro-displacements, showing a sensitivity of 0.07 and 2.67 dB/µm for longitudinal and axial microdisplacements, respectively. A multiplexing system using two of these configurations is also studied.
systems usually use a modulated source and a photodetector to measure the different received light magnitudes. In these published works, the authors proposed a setup in which an optical pulse is coupled into a fiber loop. This pulse circulates around the ring down fiber loop and a part of the power which is circulating is recovered and detected by a photodetector which offers a train of pulses, similar to the train we have replicated in figure 1. The result was achieved measuring a fiber ring setup formed by a variable coupler in a fiber ring structure, and using a laser source modulated by an electrooptical modulator (EOM) at one of the input ports, and a photodetector at one of the output ports.
The separation between each pulse corresponds to the time which the light spends inside the ring. This time is proportional to the ring cavity length and the light velocity inside the fiber, and is described as follows:
where T is the time between each peak, D is the cavity length, c is the speed of light in vacuum and n is the refraction index of the fiber. On the other hand, air gaps between two standard fibers have been extensively used before [12] . Some authors call this structure as etalon, extrinsic Fabry-Perot interferometer or air gap sensor. One of the most developed sensors was made for strain measurements [13] - [15] . These air cavities could behave as Fabry-Perot interferometers or/and as variable attenuators. When the air cavity sensor head is placed inside an optical fiber ring, part of the optical power inside the ring structure recirculates, and the multiple reflections produced by the structure allows a clear measurement and identification of the sensor reflections when multiplexed into a fiber network.
Nowadays, the scientific community has made a lot effort on developing fiber optic sensors based on wavelength encoded, distributed procedures, Rayleigh backscattering processing, and so on. This fact has diverted the attention of the intensity sensors which are very attractive for many commercial applications because of their simplicity and, principally, their costs.
This work presents a alternative sensing configuration that includes an air cavity between two cleaved fibers inserted into a fiber optic ring which is interrogated by a commercial OTDR. The arrangement presents good operational characteristics in a simple configuration for micro-displacement sensing, principally, improving the dynamic range. This configuration is also characterized in a multiplexing arrangement of two sensors in series.
II. SETUP
This work is organized in two independent parts: firstly, sensing head development and characterization; and secondly, sensor multiplexing experimental demonstration.
The proposed sensing head (figure 2) is based on a fiber ring structure. An air cavity, which is formed by two cleaved and aligned SMF28 fibers, is placed inside the ring. This ring is composed by a 90:10 low insertion loss optical coupler. Finally, this structure is interrogated by an OTDR. The sensor is placed between two 5 km fiber spools.
Unlike time response of the fiber loop ring-down setup presented in the introduction, the OTDR measures the backscattered and reflected signal generated by an optical pulse launched by itself at the beginning. Because of that, the response of a fiber optic ring is different when the OTDR analyzes it. The figure 3 shows two different traces: The thickest one belongs to the OTDR response of the structure presented in figure 2 without the air gap cavity; on the contrary, the second trace displays the OTDR response for figure 2 structure, the comprehends the fiber ring with the cavity. Both of them are explained thoroughly below.
In first case, the thickest trace, it is perceived a small power increment due to the contribution of the Rayleigh produced into the ring and the 5 km spool connected after the sensor structure. Therefore, when the OTDR pulse reaches for first time the sensor, part of its power is divided in an unevenly way (90:10). 90 percent of this pulse goes to the 5 km spool, located after the coupler, generating some Rayleigh scattering which is added to the Rayleigh produced by the 10% pulse power which enters into the 100 m of the ring fiber length. When the pulse that travels through the ring reaches the coupler again, part of its power (10%) is coupled to the 5 km spool illuminating again the fiber and the rest of its power (90%) is coupled back to the ring until there is pulse power enough to travel inside the ring.
The second trace is taken when the air-gap cavity is placed inside the ring thus ∼4% of light is reflected in each facet of the air cavity. The plot shows a main behaviour similar to the ring without the cavity, but it has superimposed each ∼4% peaks reflections created in every spin.
It must be highlighted that the peaks also offer information of the ring length. The OTDR measured distance between two peaks is about 50 m when ∼100 m is the real length; this is due to the OTDR principle of operation. The OTDR calculates each point power position with the following equation.
Thus, one event generated in a point of the fiber reaches the OTDR after the light arrives at this event and goes back to the OTDR. In this situation, when the pulse arrives to the ring, each peak is created every ∼50 μs which is the time that it takes for the optical pulse to complete a spin. This time value has been obtained by using equation 1. To calculate the distance that corresponds to the time interval between consecutive peaks, this data is replaced in the previous equation and the solution, as it is measured with the OTDR, is ∼50m.
Therefore, when the air-gap length changes an increment of the losses in the ring is discernible. In fact, figure 4 depicts the peaks evolution while the cavity length changes. As is explained above, the more loss into the cavity, the less time the pulse is spinning inside the ring. Hence, this information can be used for micro-displacement measurement purposes.
At this stage, the next issue was to study how these sensors can be multiplexed. Different techniques for sensor multiplexing have been proposed using the OTDR as interrogation device [1] - [2] . Figure 5 shows the proposed structure. A tree configuration has been selected in order to avoid the crosstalk between sensors. The sensors have been added to the main optical path by optical couplers which have been separated by different fiber spools. Thus, in general the spools simulate a real network and each of them has different objectives: the first one avoids the death zone of the OTDR; the second spool prevents the sensors response to be superimposed and the last one creates a Rayleigh threshold in order to keep the signal above the detection noise. Figure 6 presents a complete OTDR measured trace for both sensors. The plot depicts both sensors' peak response separated as expected. The second sensor's response starts about 3 dB lower from the Rayleigh threshold due to the 50:50 coupler used for multiplexing it. 
III. RESULTS
Two sensors based on an air-gap have been multiplexed and interrogated by an OTDR. The results have been performed with two micrometer translation stages in which the two cleaved fibers are placed one in front of the other creating the air-gap cavity. Both translation stages have a precision of 1μm per step. Figure 7 shows the behavior of one sensor when longitudinal displacement is applied and the behavior of the second one when it is not stressed. The displacement measurement from the first cavity length (S1) was obtained by averaging the values of the fifth, sixth and seventh peaks of the pulse train acquired by the OTDR, trace shown in figure 3. These peaks had been selected after a study which analyzed each peak behavior. After comparing all peaks contributions, this study established which peaks showed the best characteristics to be used, principally the best SNR. The experiment consisted in increasing the S1 cavity length by 5 μm steps. The results were taken for a 115 μm initial cavity length and showed a quasi linear behavior in the 80 μm measurement range. A sensitivity of 0.07 dB/μm was obtained with a dynamic range of ∼6 dB. It was observed some variation of the intensity returned from sensor 2 (∼1 dB).
A cavity axial misalignment test was also carried out, obtaining the results presented in Figure 8 .
For this experiment, 40 μm initial cavity length was used and steps of 1 μm axial lateral displacements were applied. A linear behavior was obtained for the first 5 μm and after that, the received light intensity, as expected, dropped abruptly. For the first 5 μm measurement range, the misalignment sensor showed a sensitivity of 2.67 dB/μm. In this case the variations of sensor 2 output were observed to be negligible.
Intensity based sensors suffer from the problem of system optical power fluctuations not related with those induced by the measurand changes. Therefore, this is also a drawback of the proposed configuration, that can be overcame by the consideration of an adequate signal referencing approach, a topic that is currently under study.
IV. CONCLUSION
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